Showering produces respirable droplets that may serve to deposit pollutants such as trihalomethane decontamination products, heavy metals, inorganic salts, microbes, or cyanoacterial toxins within the respiratory tract. The extent and importance of this route of indoor exposure depend on the physical characteristics of the aerosol as well as the pollutant profile of the source water. The purpose of this study was to characterize shower-generated aerosols as a function of water flow rate, temperature, and bathroom location. Aerosols were generated within a shower stall containing a mannequin to simulate the presence of a human. Using hot water, the mass median diameter (MMD) of the droplets inside the shower and in the bathroom were 6.3-7.5 um and 5.2-6 µm, respectively. Size was independent of water flow rate. The particle concentration inside the shower ranged from 5 to 14 mg/m 3 . Aerosols generated using cold water were smaller (2.5-3.1 µm) and concentrations were lower (0.02-0.1 mg/m 3 ) inside the shower stall. No aerosols were detected in the bathroom area when cold water was used. The International Commission on Radiological Protection model was used to estimate water deposition in the respiratory tract. For hot water, total deposition ranged from 11 to 14 mg, depending on water flow rate, with approximately 50% of this deposited in the extrathoracic region during assumed mouth breathing, and greater than 86% when nose breathing was assumed. Alveolar deposition was 6-10% and 0.9% assuming oral and nasal breathing, respectively. The consequences deposition of shower water droplets will depend on the nature and extent of any pollutants in the source water.
Domestic water supplied from wells and municipal water systems may also be contaminated with heavy metals such as arsenic, chromium, and lead that have documented respiratory-tract and/or systemic toxicities following inhalation. Further, cyanobacterial toxins are being found with increasing frequency in surface waters worldwide (Falconer, 1994) . Microcystins produced by cyanobacteria are hepatotoxic, are tumor promoters, and produce nasal lesions when inhaled (Benson et al., 2005 , and references sited therein). Recent studies by Cohen and Ollison (2006) and Xu and Weisel (2003) demonstrated that water droplets formed in bathroom showers contain a respirable fraction, and therefore could serve as potential vectors for respiratory-tract deposition of potentially toxic contaminants of tap water.
The purpose of this study was to examine the characteristics of shower water aerosols as a function of water flow rate, temperature, and location within a model bathroom. Total and regional respiratory-tract deposition of water as wells as for selected pollutants present in the local water supply were calculated. Results will be useful in calculating the potential risk from shower water exposure, depending on the nature and concentration of contaminants in a given water supply.
EXPERIMENTAL APPROACH, MATERIALS, AND METHODS

Bathroom and Shower Stall
Sampling took place in a bathroom at the Lovelace Respiratory Research Institute (Figure 1 
Exposure Parameters
Three different showerheads (A, B, and C) were used in the study, producing three different flow rates. All showerheads used were within the federal requirement that limits water flow rate to 9.5 L/min (2.5 G/min). The flow rates were 5.1, 6.6, and 9.0 L/min for showerheads A, B, and C, respectively, with a pressure drop of 40-42 psi. The shower pattern was continuous without any pause. The characteristics of each showerhead are summarized in Table 1 . The temperature of the hot water was controlled at 43-44°C. The water temperature measured at the mannequin was 35-37°C. For comparison, the test was also conducted with cold water at a temperature of 24-25°C under the same conditions. Table 1 shows the exposure parameters of this study.
The particle size distribution of the shower spray was very wide. However, only inhalable particles were of interest in the study. The total mass concentration of particles was determined using a DataRAM real-time particle monitor (Monitoring Instruments for the Environment, Inc., Bedford, MA). This instrument measures particles in the concentration range of 0.1 µg/ m 3 -400 mg/m 3 for particles less than 10 µm in diameter. Because the DataRAM is a nephelometer-based instrument, relative humidity can confound it. In order to measure the droplets, the DataRAM was calibrated with a quartz crystal microbalance cascade impactor (model PC-2, California Measurement, Inc., Sierra Madre, CA). Results measured by DataRAM were corrected by the calibration curve. The second instrument was an Aerodynamic Particle Sizer (APS 3310; TSI, Inc., Amherst, MA), measuring particle number and mass size distributions. The particle size range by APS measurement was 1-30 µm with phantom correction. The APS instrument completed 1 measurement every minute, so 10 replicate measurements were made during each 10-min showering period. The relative humidity (RH) was measured using a humidity/temperature datalogger (model 800014; SPER Scientific Ltd., Scottsdale, AZ) with a 6-s interval. The RH was recorded during the entire study period.
The air exchange rate, regulated by the building's air handling system, was measured using a trace gas technique (Cheng et al., 1995) . A predetermined amount of sulfur hexafluoride (SF 6 ) in a compressed gas cylinder was released into the room to give an initial concentration of between 10 and 100 ppb. The SF 6 concentration was monitored using an AutoTrac monitor (model 101; Lagus Applied Technology, Inc., San Diego, CA) positioned at the center of the bathroom. Changes in the air exchange rate were investigated under various conditions when the bathroom doors were open or closed. Assuming that the air in the bathroom is well distributed, the air exchange rate can be obtained by fitting the SF 6 concentration versus time to an exponential decay curve over a period of 2 h.
Sampling Protocol
All instruments were switched on a few minutes before the shower was turned on. The shower was run for 10 min. The curtain of the shower stall was opened 2 min after the shower was turned off. Five minutes later, the bathroom doors were opened to increase the ventilation. The next test period began when the room temperature and RH were back to baseline values. The protocol was conducted with probes in the shower stall (position A) and bathroom (position B) for hot and cold water.
Data Analysis
Particle Distribution-A lognormal particle size distribution was assumed. The mass median diameter (MMD) and the geometric standard deviation (GSD) were calculated with a technical graphing software, SigmaPlot (SPSS, Inc., Chicago).
Generation Rate-The generation rate of shower-water particles in this study was calculated using the method of Zhou and Cheng (2000) . The generation rate was assumed to be constant because the water pressure (and therefore flow rate) was monitored and remained constant during the 10-min runs. The temporal changes in the particle concentration, C i , can be described by the following equation (Cheng et al., 1995) :
where G is the generation rate in µg/m 3 /min, λ v is the air exchange rate in the bathroom, and λ w is the rate of particle losses due to deposition on the shower wall, floor, and body of mannequin in reciprocal minutes. This equation can be solved with the initial condition of t = 0 and C i = 0, leading to the analytical solution for particle concentration: [2] where λ = λ v + λ w .
Exponential rise regressions were carried out with a commercial software, Table Curve ( SPSS, Inc.) , to obtain the generation rate. Dose Calculation-Particle deposition fractions in human lungs were calculated using the computer software LUng Dose Evaluation Program (LUDEP), implementing the model of a human respiratory tract as documented in ICRP Publication 66 (ICRP, 1994) . In this model, human activities are classified into four statuses: sleeping, sitting awake, light exercise, and heavy exercise. We assumed that showering was light exercise and that the showering period was 10 min. Deposition was calculated in two ways, assuming either mouth breathing or nose breathing. The dose with mixed breathing should be within those parameters. The ICRP deposition model was also used to calculate the particle deposition fractions in four regions: extrathoracic (ET), bronchial (BB), bronchiolar (bb), and alveolar (Al), for inhaled particles.
RESULTS
The SF 6 gas concentration decreased with the time as the bathroom doors were closed and opened. The air exchange rate in the bathroom was calculated as 1.17/h and 1.62/h for closed or open, respectively, which is 2 times higher than the mean indoor exchange rate of a whole house (0.53/h, U.S. EPA, 1996) .
Particle size distribution did not vary over the 10-min showering time (data not shown). Particle size distributions in the shower stall during a 1-min sampling period are compared in Figure  2 and Figure 3 for hot and cold water at the three flow rates inside the shower stall (sampling position A). For comparison, particle size distributions were also measured in the bathroom but outside of the shower stall (sampling position B). Figure 4 shows the particle size distributions at a flow rate of 5.1 L/min inside and outside of the shower stall. Because particle concentration in the bathroom area during showering with cold water was close to background, no particle size distribution for these particles was obtained. The MMD was about 20-40% higher in the shower stall than in the bathroom. Detailed information related to the MMD and GSD for all tests is provided in Table 2 . 3) the shower stall. The hot-water particle concentration in the shower stall was somewhat variable, especially within the first 5 min of showering. The concentrations ranged from 300 µg/m 3 to 14,000 µg/m 3 . The highest concentration was obtained with a higher RH, which is about 80%. For cold water, it is clear from Figure 5 that the particle concentration was lower with a low flow rate. As expected, the RH for cold water was stable and much lower compared with hot water. The particle concentration of the cold water shower (from 20 to 100 µg/m 3 ) was also much less than that of the hot-water shower.
Particle generation rates were obtained from concentration/time data in the first 10 min of showering, as shown in Figure 6 .1 (for cold water) and Figure 6 .2 (for hot water). The curves are best-fitted curves for each flow rate (showerhead) using Eq. (2). The zero time begins when the water temperature reaches 44°C for hot water showering. The generation rates (G) and λ values in Eq. (2) are provided in Table 2 . Basically, generation rate increases as the flow rate increased. The ratio of G and λ represents the generated particle concentration.
The ICRP (1994) suggested a tidal volume of 1.25 L and a respiration frequency of 20 breaths/ min for an adult male performing light exercise. Thus, the total air volume inhaled during a 10-min shower is 0.5 m 3 . The deposition doses in different regions of the human lung are listed in Table 3 for mouth and nose breathing. No MMD and GSD for cold-water aerosols generated using a flow rate of 9.0 L/min were obtained because the aerosol particle size distribution was not lognormally distributed. Therefore, the particle deposition fraction in lung regions was calculated using a specific size ranging from 0.5 to 30 µm and their distribution fraction.
DISCUSSION Particle Size Distribution
As shown in Figure 2 , particle size distribution was only mildly affected by water flow rate for the hot water experiments. Therefore, flow rate was considered not to affect the extent of deposition of water droplets in the respiratory tract. This indicates that particles would deposit into the human respiratory system with a same deposition fraction. However, for cold water, as shown in Figure 3 , the particle distribution varied significantly with flow rate. Particles had a lognormal distribution with a flow rate of 5.1 L/min, a slight deviation from lognormal distribution with the flow rate of 6.6 L/min, and totally non-lognormal distribution with the flow rate of 9.0 L/min. Particle size increased with flow rate. The concentration of large particles increased as the flow rate increased. This indicates that many droplets generated from a high-flow-rate showerhead did not have enough time to evaporate when they reached the sampling probe. Thus, the particle deposition in the respiratory tract for cold-water showering is dependent on water flow rate. The results of particle size distribution inside and outside the shower stall (Figure 4) indicates that droplets escaping from the shower stall and reaching the bathroom had more time to evaporate than those in the shower stall. Although the RH in the room was around 80%, evaporation could still take place as long as the air was not saturated. The particles from the cold water had the smallest MMD with the largest GSD. This is because room humidity is lower than that during hot water showering. The evaporation rate for the cold water droplets is higher than that for the hot water droplets.
Only one publication was found to date studied shower particle size distribution. Giardino and Hageman (1996) discussed the drop-size distribution compared with some theoretical models. The particle distribution was in the millimeter size range according to their study. Their results differed from those in this study, possibly because the showerhead was positioned horizontally and because they did not use a shower stall.
Particle Concentration
The particle concentration differences with hot and cold water may stem from a hot-water chimney effect within the stall. Micrometer-sized satellite droplets are formed with spray droplet formation from the showerhead, from splashing on the mannequin, and from splashing against the stall walls and floor. The satellite droplets evaporate within seconds at RH <90% and are carried upward in the chimney-like convective flow within the stall that is created by the hot water heating the stall air. Downward flow may occur when the cold water temperature is below room temperature, assuming that the shower curtain does not wholly prevent such flows at the top and bottom of the stall. Placed at the breathing zone, the sampler inlets may under sample fine-particle (<2.5 µm) concentrations for cold showers but more reliably sample fine particles for hot showers in the stall because fine particles are convected upward from lower levels within the stall. A relatively low fine-particle concentration ( Figure 5 .1) indicates stratification, with most of the particle-rich air staying below the stall's sampling point. In Figure 5 .2, a relatively high fine-particle level was obtained due to an upward convective flow that brings particle-rich air past the stall's sampling inlet. A sharp drop at point B of Figure  5 .2 indicates the passing bottom edge of a rising plume of particle-rich air from below in the stall after the shower was turned off. By comparison, hot-water particle concentration in the bathroom (outside of the shower stall, Figure 5. 3) was much lower than that inside shower stall. The outside stall sampling was likely to miss many particles due to stratification of fineparticle-rich air at the ceiling for hot showers and at the floor for cold showers, indicating that the volume of air in the bathroom was not well mixed. Xu and Weisel (2003) also reported that when showering at a temperature of 36-38°C, a particle size smaller than 2 µm with a peak concentration of 414 ± 258 µg/m 3 was obtained. This concentration was much lower than our results. There are several factors that could cause the differences between the two studies. In the Xu and Weisel study, air was sampled through a 1.75-m stainless tube, resulting in sampling line losses. In addition, the study of Xu ad Weisel (2003) didn't include a mannequin, thereby causing a lower particle concentration in the shower stall.
The particle number concentration of this study was also compared with the study of Cowen and Ollison (2006) . In our study, the number concentration for the particles below 2.5 µm was about one order of magnitude greater than the data of Cowen and Ollison (2006) . Two reasons possibly account for this difference. The air exchange rate of their study was 6/h, which is much higher than our study. The water temperature of their study (39°C) was about 4-5 degrees lower than ours.
Inhalation Dose
The result in Table 3 shows that the total deposited dose of water increased with increasing flow rate for both cold and hot water. The deposited water dose for hot water is 50-100 times higher than that for cold water. For hot water, 64-70% of the total dose was deposited in the ET region, but still about 10% (~1.0 mg) was deposited in the Al region. Because the particle generation rate of cold-water showering was very low, the deposition dose was very low, even for the large particles generated at 9.0 L/min. Because of the large particle size of the aerosols, total deposited dose was slightly higher for nasal compared to mouth breathing, and alveolar deposition was greater with mouth breathing. Deposition in the Al region was much higher for oral than for nose breathing. From the deposited dose of water calculated in this study, the corresponding deposited doses for specific water contaminants can be also calculated when the concentrations of contaminants are known. As an example, the deposition doses of several elements in Albuquerque city water supply were calculated (Table 4) , based on the local water quality report (City of Albuquerque, 2005) . As expected, the calculated deposition of contaminants is greater with hot-water showering compared to when cold water was used. The inhalation dose of hot-water showering appears about two orders of magnitude higher than that of cold water for various elements. Although the deposition doses of the chemicals are quite low, the contaminants may indeed deposit in respiratory tract, primarily the upper respiratory tract, during showering.
CONCLUSIONS
The characteristics of shower water aerosols in a model bathroom have been examined as a function of water flow rate, temperature, and location in the bathroom. Particle size distribution indicates that the majority of the aerosol is deposited in the upper respiratory tract and thoracic region. The consequences of this deposition will depend on the nature and extent of contaminants in the source water. The results of this study may assist in others with indoor air pollution model development.
FIG. 1.
Schematic of the experimental setup, including the sampling positions A and B.
FIG. 2.
Particle distributions with hot water at various flow rates.
FIG. 3.
Particle distributions with cold water at various flow rates.
FIG. 4.
Particle distribution comparison with different sampling positions and water temperatures at a flow rate of 5.1/L min −1 .
FIG. 5.
Particle concentration profiles for the cold water inside the shower stall (1), the hot water inside the shower stall (2), and the hot water outside the shower stall (3).
FIG. 6.
Generation rate regressions for the cold-water shower (1) and the hot-water shower (2) at various flow rates. The water dispersing plate contains six holes distributed on a 50-mm circle, and each hole contains four jets.
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Particle characterization and the generation rate at various conditions 
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Particle deposition fraction and dose for hot-and cold-water showering with mouth and nose breathing 
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Deposition dose for hazard materials 
